The NucleoLink surface is a physically modified, thermo- 
Nucleic acid amplification has undoubtedly been the most remarkable discovery of the last decade [I] . The simplicity of the technique is potentially conducive to the conversion of diagnostic tests from conventional immunoassay or microbiological tests to PCR-based methods. Although amplification by PCR enables at least a million-fold amplification of the target DNA template, several issues hinder the clinical utility of PCR [2, 3] . Among these shortcomings, the issue of carryover contamination of amplicons has been addressed and mostly solved [4] .
Currently,
we are at the crossroads of implementing PCR for the routine molecular diagnosis of genetic, infectious, and malignant diseases. The use of PCR for routine molecular diagnosis is being limited by the need to detect the amplified product in a second phase, be it gel electrophoresis or hybridization [5] [6] [7] [8] [9] . This two-phase assay, amplification in one reaction vessel and detection in another vessel or system [5, 9, 10] , also impedes the automation required in diagnosing multiple samples by PCR.
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To offer speed, improved specificity and sensitivity, reduced contamination, and a higher throughput of sample processing, both amplification and detection need to be accomplished in one phase. Homogeneous assays, such as the TaqMan LS 50 B detection system, do offer both amplification and detection in the same liquid phase [11, 12] . However, the amplicons in the liquid phase must still be transferred from the amplification plate to the detection plate. The ABI Prism 7700 sequence detector, on the other hand, integrates thermocycling with real-time fluorescence detection [13] , allowing cycle-to-cycle increases in fluorescence to correspond to standards for determining starting copy number. This procedure inherently involves the necessity of either contracting out or developing specific expertise for synthesizing fluorescently labeled oligonucleotides, a tremendous commitment to the cost of dedicated instrumentation.
A novel and cost-effective procedure that would both circiimvent carryover of contaminants and increase the throughput of detection would be to have both amplification and detection coupled to a single solid phase. This entails the development of covalently bound amplicons. To achieve this goal, Nunc developed several proprietary surfaces. The CovaLink surface, first developed at Nunc, is a chemically derivatized surface [14] . A "handle" with a spacer group ending in a secondary amino group is covalently grafted onto the polystyrene surface of the reaction vessel. In the presence of carbodiimide, oligonucleotides phosphorylated at the 5' terminus are bound covalently to the secondary amino group via a phosphoramidate bond.
The use of the CovaLink surface for the development of covalently bound amplicons as well as in the detection by hybridization of amplified target DNA from infectious microorganisms has already been documented [15] were removed with the Nunc Immunowasher, with 0.4 mol/L NaOH and 2.5 mL/L Tween 20, prewarmed to 50 #{176}C. The first three washes were followed with a soak for 15 mm at 50 #{176}C and three final washes with the same alkaline wash solution. The alkaline wash was followed with three washes of water. The precoated NucleoLink strips were either stored empty at 4 #{176}C in a sealed polyethylene bag or processed immediately for PCR. Precoated stored NucleoLink strips can be optionally rehydrated and blocked with 100 iL of Tris-HC1 pH 7.5, 150 mmol/L NaCl, and I mLIL Tween 20 at room temperature for 15 mm to avoid nonspecific binding of DNA. 
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Conversion of double-stranded
to single-stranded covalently bound amplicons. Before alkaline denaturation of the noncovalently bound amplicon, solution-phase amplicons may be collected and electrophoresed on agarose for size identification of the amplicons. The NucleoLink strips, now emptied of the liquid phase, were washed three times with freshly made 0.2 molfL NaOH and 1 mL/L Tween 20 at room temperature, soaked for 5 mm, and washed three times again in the same wash solution. Alkaline wash conditions serve to detach the noncovalently bound solid-phase amplicons.
The wells were finally washed three times with the Nunc Immunowasher with either water or 100 mmol/L Tris-HC1 pH 7.5,150 mmol/L NaCI, and 1 mL/L Tween 20.
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Detection of the single-stranded covalently bound amplicon. Hybridization probe, biotinylated at the 5' end in 50-100 nmolIL concentrations, was added in 5X saline-sodium
and 1 mL/L Tween 20 at 100 j.tL/well. Hybridization was carried out at 45-50 #{176}C for 1-20 h. Unbound probe was removed by three washes at room temperature, soaking for 15 mm at 50 #{176}C, and three final washes at room temperature with 0.5X SSC and I mL/L Tween 20. A 100-tL aliquot of alkaline phosphatase conjugated to streptavidin (cat. no. D0396; Dako, Carpinteria, CA) diluted 1:3000 in 100 mmollL Tris-HC1, pH 7.5, 150 mmol/L NaC1, and 1 mL/L Tween 20 was added to each well and incubated for 1 h at room temperature. Unbound conjugate was removed by three washes, a soak for 15 mm, followed by three washes with 100 mmol/L Tris-HCI, pH 7.5, 150 mmol/L NaCI, and 1 mL/L Tween 20 at room temperature.
An alternative protocol also gave successful detection of the Optimization of thesolid-phase-bound PCR. The ratios of primers utilized in the solution phase were 1:8 of the covalently bound downstream primer to the noncovalently bound second or upstream primer in the BLV model system. This ratio was extrapolated from our previous studies on the detection of immobilized amplified product in a one-phase system (DIAPOPS) procedure on our CovaLink NH surface [15] .
Depending on the initial template concentration, efficient amplification on the solid-phase-bound primer occurred with thermal cycling anywhere from 10 to 40 cycles (data not shown). 
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The average of all six readings for the entire duration of readings taken during a specific cycle was plotted for each of the NucleoLink and TopYield strip types, as well as the PerkinElmer thin-wall tube. The comparative temperature profiles for the different groups are depicted in the graph shown in Fig. 2 . Furthermore, no evidence of well-to-well contamination was evident when positive and negative samples (with and without template DNA) were run in adjacent wells.
DIAPOPS
OR DETECTION OF IMMOBILIZED SOLID-PHASE AMPLICONS BY ELISA-LIKE TECHNIQUES
The DIAPOPS technique can be schematically represented as shown in Fig. 4 From the line graph in Fig. 5 , it is clear that a significantly higher signal-to-background ratio was detected with DNA concentrations ranging from 5 X 1014 to 5 X 102 I mol/well of the cloned BLV template. In fact, a linear response of fluorescence was obvious for at least four orders of magnitude. 5.10te 5lO-
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Well Number were detected by binding with streptavidinalkaline phosphatase conjugate and reaction with the 4-MUP substrate, the total CV calculated was only 1% (Fig. 6A) . Six NucleoLink strips coated with 25-base oligonucleotides that were 3' end-labeled with 32P were quantified in a liquid scintillation counter as described in Materials and Methods. From the SDs and CVs calculated for each of the six strips (Fig. 6B) , the totalCV was 5.68%.
Well-to-well variation calculated for the entire DIAPOPS procedure involving oligonucleotide coating, asymmetric amplification, and detection of the immobilized amplicon with a 3 '-biotinylated probe with streptavidin-alkaline phosphatase conjugate and 4-MUP (Fig. 6C) 
PRIMERS
In a Salmonella PCR assay, we explored the influence of the length of the covalently bound primer on the efficiency of asymmetric amplification. Amplification was analyzed from DNA purified from five Salmonellaserotypes and from a plasmid containingthe cloned targetgene. The results (Fig.7) demon- Strip Number StripNumber Fig. 6 . Evaluation of homogeneity of the NucleoLink surface, optical clarity of the resin for fluorescent detection, and robustness of solid-phase PCR on the NucleoLink surface.
(A) The homogeneity in the optical clarity of the NucleoLink resin was evaluated by studying the well-to-well variation in the fluorescent detection of coated oligonucleotides. A 25-base oligonucleotide phosphorylated at the 5' end and biotmnylated at the 3' terminus was covalently bound to eight NucleoLink wells and detected by incubating first with streptavidmn-alkaline phosphatase conjugate and later with 4-MUP. The fluorescent signal produced from 4-MUP conversion was read in the Auoroskan II plate reader (excitation 360 nm, emission 450 nm). Fromthe raw counts plotted, the mean was 14 721.3, the SD 140.4, and the CV 1%. (B) Determinationof the homogeneityof the NucleoLinksurfacewas carried out by studying well-to-well variation in the covalent immobilization of oligonucleotides. About 100 ng/well of the 5'-phosphorylated and 3'-radiolabeled 25-base oligonucleotides from the Salmonella system were coated in EDC. The covalently bound oligonucleotideswereevaluatedas describedin Materials and Methods. 32Pcounts wereanalyzedfrom six NucleoLmnk strips containingeight wells each. By using the meanfor each strip plotted, the SD5and correspondingCV5were calculatedfor each strip of six. The total CVwas 5.68%. (Cl The robustnessof the DIAPOPS on the NucleoLinksurface was studied by detecting well-to-well variations in the fluorescent end point obtained after coating, asymmetricamplification, hybridization with a labeled probe, and enzymatic amplification (alkaline phosphatase 4-MuP system)of the hybridization complex. RowsA through H of strips 1 through 12 were coated with primer from the S. typhimurium system, processed for asymmetric amplification, and hybridized with a biotin-labeled probe whose signal was enzymatically amplified. RowH consisted of a negativeor no DNAcontrol. The means of fluorescencecounts from rows A-G for each of the 12 strips is plotted in the histogram. Foreach of the 12 strips the SD and correspondingCVfor 84 wells was 12.77%. The mean of the blank row H is also plotted (B'. Some of the pros and cons of this detection include the ability to visualize the appropriately sized PCR product and quantify the amount only by densitometric methods or by Southern transfer. Since a minimum of 5 ng of DNA is the detection limit on an agarose gel, -7.72 X l0' copies of a 600-bp fragment (DNA fragment from the model BLV system), which corresponds to 5 ng, are required for its detection. This high copy number needed for detection warrants that the solution-phase PCR must be extremely efficient. Calculation of the efficiency shows that if the detection limit is 10 copies of target DNA and if 35 cycles are used for thermal cycling, the efficiency must at least be 0.79 to produce 5 ng. This is a considerably high demand on the PCR efficiency. Thus, a second amplification or more-sensitive detection method is needed to detect 10 copies of target DNA. Signal amplification of immobilized amplicons by hybridization with a labeled probe circumvents the low detection limits of agarose gel detection. primer one, must still be in the liquid phase to initiate amplification.
However, the optimum primer one:primer two ratio is 1:8.
In the presence of a higher concentration of primer two, the PCR process leads to more products from primer two, resulting in an asymmetric solution-phase amplification. Thus, more copies of extended primer two products are available to hybridize to the solid-phase-bound primer. In reality, more covalently bound amplicons will also be produced, or asymmetrically amplified from the covalently immobilized primer one. However, analysis by agarose gel electrophoresis indicated no apparent differences in the solution-phase PCR products produced in presence of primer one:two in ratios of 1:1 and 1:8 (data not shown).
Alkaline denaturation of the double-stranded solid-phase amplicon converts it to the single-stranded form. This singlestranded immobilized amplicon is amenable to detection by hybridization.
The signal from this hybridization complex containing a biotinylated probe is amplified by reacting with streptavidin-bound alkaline phosphatase and its substrate 4-MUP. The resulting fluorescent signal is a several-log amplification of the signal from the original hybridization complex containing the immobilized amplicon. The technique of asymmetric amplification and its detection on the same solid phase has several advantages over the detection of solution-phase-amplified products. By using the correct washing steps, the hybridization probe will detect only the covalently bound amplicons with the correct sequence, increasing the specificity of detection. Developing a clear cutoff detection limit provides a clear distinction between positive and negative samples. This can potentially lower false positives. Enzymatic amplification of the labeled probe hybridized to the immobilized amplicons enables additional signal amplification, clearly allowing a more quantitative estimate of the amplified products. Thus, 100-fold improvement of the detection limit compared with that for gel electrophoresis may be expected. Phytophtora fragariae. Compared with gel electrophoresis, the detection limit for all the systems tested was -10-100-fold better.
NUCLEOLINK
In conclusion, the NucleoLink surface allows both nucleic acid amplification and detection on one phase. It reduces handling of the immobilized amplified products while the solution-phase amplicons can be conveniently discarded. Moreover, only immobilized amplicons are detected by hybridization with labeled probe, further reducing carryover contamination by amplicons. The NucleoLink surface allows specified surface chemistry for oligonucleotide orientation.
The thermally stable resin currently in microwell format with an optically clear well-bottom is conducive to molding in many reaction vessel formats, allowing unmatched flexibility in laboratory automation for routine molecular diagnostics and screening.
